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ABSTRACT 
Recently published surrogate models are evaluated for their predictive capabilities of 
autoignition characteristics for alternative jet fuels. Computational simulation results are 
compared with published data from experimental rapid compression machine (RCM) tests for 
conventional jet fuel. Evaluation of these surrogate models aids in identifying differences in 
chemical kinetics mechanisms, helping to establish model validity across operating conditions of 
interest.  
This work incorporates two chemical kinetics solver programs: CANTERA and CHEMKIN-
PRO®. The former is an open-source, object oriented chemical solver with capabilities for a 
range of reacting flow systems. CHEMKIN-PRO®, produced by Reaction Design, is a 
commercially available chemical solver. Together, these two programs are used to evaluate 
autoignition characteristics at compressed pressures, Pc, of 5, 10, and 20 bar and equivalence 
ratios, Φ, of 0.25, 0.5, 0.75, and 1.0 in air, representing lean to stoichiometric conditions.  
A discussion on available alternative jet fuels is provided, focusing on bio-based jet fuels, 
derived from plant (camelina seed) or animal (tallow) sources. These fuels are referred to as 
hydrotreated renewable jet (HRJ) fuels, also termed hydroprocessed esters and fatty acids 
(HEFA). HRJ fuels compared with traditional jet fuel, both commercial and military, have higher 
paraffinic and lower aromatic content.  
Surrogate models currently available focus on several components including n-decane, n-
dodecane, 2-methylundecane, and 1,2,4-trimethylbenzene. Two chemical kinetic mechanisms are 
evaluated: the Ranzi mechanism from the CRECK modeling group at Politecnico di Milano and 
the Aachen mechanism from the Institut für Technische Verbrennung at Aachen University. The 
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models are evaluated using two component surrogates for jet fuels, containing varying amounts 
of n-decane and 1,2,4-trimethylbenzene. Earlier published surrogate models are more complex, 
including anywhere from four to more than ten different components. The two component 
surrogate models were chosen for their simplicity, allowing for clearer control of reactive species 
by adjusting the volume percentage of components. This enables assessment of the ability for 
various mixtures to accurately capture the ignition behavior of the jet fuels. 
Simulations results indicate at what conditions surrogate fuel models can provide valid 
predictions in agreement with experimental data. From the results, it can be concluded that the 
Aachen mechanism is more appropriate for stoichiometric mixture predictions at higher 
compressed pressures, while the Ranzi mechanism is accurate in capturing lean mixture ignition 
features but does not match observed ignition times. Future mechanism model validation will 
then lead to the development of optimized next generation alternative fuels. Continuing this work 
to understand the roles chemical features play in influencing a fuel’s ignition characteristics will 
facilitate the development of surrogate models. These more robust models can then be used to 
examine alternative jet fuel performance at target engine operating conditions.  
  
 iv 
 
 
 
 
 
 
 
 
Per Mama, Papa, e Lodo 
Essere amati profondamente da qualcuno ci rende forti; 
amare profondamente ci rende coraggiosi. 
 
  
 v 
 
ACKNOWLEDGMENTS 
Many people have supported and encouraged me over the years, contributing immensely to this 
moment. I remember my first visit to campus tagging along with my older brother who was 
preparing to start his freshman year. We met a Greek professor so enthusiastic about mechanical 
engineering that he almost convinced me not to become a veterinarian at that very moment. Little 
did I know, eventually that same professor would pull me into mechanical engineering and a 
whole new career. I owe a great deal to Professor Dimitrios Kyritsis for his inspiration and 
guidance, having a passion for teaching and science that few can match. I would also like to 
thank Professor Chia-Fon Lee for guiding me during my first year and Professors Bruce 
Litchfield and Steven Michael for reminding me of all that I can achieve. Finally, I am grateful 
to have joined Professor Tonghun Lee this past year. He has already shown me great support, 
understanding my unique goals, and I look forward to the projects ahead in the coming years. 
Helping me keep my sanity and providing plenty of comic relief, as well as occasional technical 
help, I am thankful to the many group members I have worked with over the past years including 
Micheal Pennisi, Constandinos Mitsingas, Nick Traina, Farzan Kazemifar, Rajavasanth 
Rajasegar, and Tom Connelly. Thank you for keeping my puppy pictures in check, but more 
importantly for being there during the countless times I have needed your support. I am excited 
to see where the future takes us all. 
Finally, to my family and friends – simple words cannot capture the love I have for you all. You 
have shown me that the most important lessons are taught not in the classroom but in life.  
 vi 
 
TABLE OF CONTENTS 
1. Introduction ............................................................................................................................. 1 
1.1. Motivation ........................................................................................................................ 1 
1.2. Alternative Jet Fuels ......................................................................................................... 1 
1.3. RCM Simulation .............................................................................................................. 3 
2. Background .............................................................................................................................. 5 
2.1. Alternative Fuel Drivers ................................................................................................... 5 
2.2. Surrogate Fuel Modeling .................................................................................................. 7 
2.3. RCM Design Aspects ..................................................................................................... 10 
3. Alternative Jet Fuel ................................................................................................................ 12 
3.1. Jet Fuel Characteristics................................................................................................... 12 
3.2. Renewable Fuel Development ....................................................................................... 13 
3.3. Kinetic Mechanism Usage ............................................................................................. 16 
4. RCM Simulation .................................................................................................................... 18 
4.1. Simulation Packages ...................................................................................................... 18 
4.2. CANTERA Installation .................................................................................................. 19 
4.3. RCM Modeling .............................................................................................................. 20 
4.4. Simulation Results.......................................................................................................... 23 
5. Conclusions ........................................................................................................................... 38 
5.1. Jet Fuel Modeling ........................................................................................................... 38 
 vii 
 
5.2. Future Work ................................................................................................................... 39 
References ..................................................................................................................................... 40 
Appendix A ASTM D1655-13a ............................................................................................... 42 
Appendix B Fuel surrogate components.................................................................................. 44 
Appendix C Jet fuel kinetic limitations in gas turbine engines ............................................... 45 
Appendix D RCM schematic ................................................................................................... 46 
Appendix E Cantera ck2cti ...................................................................................................... 47 
Appendix F Effective volume code ......................................................................................... 49 
 
 
 1 
 
1. INTRODUCTION 
1.1. Motivation 
In this work, simulation tools serve to better understand the combustion characteristics of jet 
fuels by evaluating available kinetic mechanisms for these fuels. In addition to traditional jet 
fuels, alternative jet fuels are studied, focusing on hydrotreated renewable jet (HRJ), derived 
from renewable sources such as camelina seed and tallow. HRJ results from hydroproccessing 
plant oils such as jatropha and camelina or animal fats and is one of several potential alternatives 
to traditional jet fuels. Examining the combustion characteristics of these fuels requires a 
simplified combustion environment simulated through chemical kinetics solver software. An 
ideal environment decouples the transport and chemical processes involved in combustion. A 
rapid compression machine (RCM) satisfies this requirement and is a common setup for studying 
ignition kinetics, used to develop chemical mechanisms [1].  
1.2. Alternative Jet Fuels 
The push in recent years for alternative fuel development stems from a few prominent factors. 
The desire for energy independence and the need for increased energy security support 
alternative energy resources. As the majority of conventional petroleum-based fuels are sourced 
from politically unstable regions, there is a heightened awareness of the precarious balance 
between domestic economic growth and global conflict due to the dependence on foreign energy 
supplies. Accordingly, a major group supporting domestic research and advancement in 
alternative fuel development is the United States military branch. Currently, the Department of 
Defense (DoD) represents the single greatest energy user in the United States accounting for 
nearly 1.5% of domestic petroleum consumption, translating to around 3.5 billion gallons of fuel 
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per year [2, 3]. The Air Force accounts for about 52% of the DoD’s fuel consumption, equating 
to 10% of total domestic jet fuel consumption. Another issue driving interest in alternative 
energy sources involves environmental awareness of increasing greenhouse gas (GHG) 
emissions and their impact on global and human health. The United States, as a global leader, 
has an important duty to develop environmentally responsible policies to address these 
environmental concerns. In response to these issues supporting alternative energy, the United 
States has shown a continued focus on developing alternative energy resources, specifically 
alternative and renewable fuels, in successive government reports. 
As evident from the published military consumption levels, a primary target in the development 
of alternative fuels is jet fuels. To address the call for alternative fuel development, the United 
States government released the Aviation Greenhouse Gas Emissions Reduction Plan in June 
2012. Goals from the plan include “achieving carbon-neutral growth for U.S. commercial 
aviation by 2020” from a 2005 emissions’ baseline [4]. Reaching these goals requires a multi-
pronged effort in advancing several areas including jet engine design, operational efficiency, 
policy changes, environmental modeling, and alternative fuel development. A multitude of 
government programs seek to achieve the targeted GHG emissions reductions including: 
Continuous Lower Energy, Emissions, and Noise (CLEEN) Program, Environmentally 
Responsible Aviation (ERA) Project, Adaptive Versatile Engine Technology (ADVENT), 
Versatile Affordable Advanced Turbine Engines (VAATE), and Commercial Aviation 
Alternative Fuels Initiative (CAAFI). 
In addition to establishing targets for emission levels, the United States has also set goals for 
alternative fuel production volumes. The Federal Aviation Administration (FAA) aims to have 
one billion gallons of alternative jet fuel in use by 2018. Specifically, by 2016, the Air Force 
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seeks to supply 50% of fleet demands from alternative fuel blends, translating to over 900 
million gallons per year at current consumption levels [4]. The United States Navy, the second 
largest DoD energy user, has similar goals for 50% alternative energy supply for 2020. These 
mandates drive the current push for examining potential jet fuel alternatives, specifically those 
from renewable sources. 
Jet fuel, unlike conventional ground transportation fuel, has unique ignition requirements to 
ensure continuous engine operation. Kerosene-based commercial jet fuel, designated Jet A in the 
United States and Jet A-1 internationally, and military jet fuel, designated JP-5 and JP-8, comply 
with a number of specifications such as freezing point, heat of combustion, corrosion, thermal 
stability, and minimum smoke point [5]. The D1655 ASTM (American Society for Testing and 
Materials) standard provides a full listing of aviation turbine fuel specifications including 
detailed fuel composition requirements shown in Appendix A [6].  
1.3. RCM Simulation 
To examine the combustion characteristics of conventional and novel jet fuels, a simplified 
combustion system simulated through chemical kinetics solver software is used. Work by Mittal 
investigates the aerodynamics within an RCM, identifying important features relevant to the 
assumptions used in developing the simulated RCM environment [7]. One key assumption is that 
aerodynamic effects are not significant in RCM tests, allowing for the simplified study of 
chemical processes involved in combustion, decoupled from more complex transport processes.  
Kinetic mechanisms developed for surrogate models of alternative jet fuels are useful for 
evaluating the combustion characteristics of these proposed fuels. Integrating these models into 
chemical kinetics software such as CANTERA and CHEMKIN® allows for practical 
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simulations at prescribed conditions. Validating these models with experimental results identifies 
regions of strong or weak model predictive capabilities, providing valuable feedback to 
mechanism developers and helping improve kinetic mechanism models. While the most detailed 
chemical mechanisms contain hundreds of species and thousands of reactions, they are often too 
cumbersome and have high computational costs, making them infeasible for use in rapid 
simulations. To reduce computational time and power, these detailed mechanisms undergo 
simplification achieved through various methods such as sensitivity analysis (SA), computational 
singular perturbation (CSP), and genetic algorithm (GA). These approaches seek to optimize the 
reaction rate coefficients in the given mechanism. For the following study, optimization to 
simplify detailed mechanisms is not carried out, and the full mechanisms are tested as published. 
The current focus is on developing simplified surrogate models utilizing a minimum number of 
fuel components to accurately predict combustion characteristics of proposed jet fuels. 
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2. BACKGROUND 
2.1. Alternative Fuel Drivers 
Several drivers currently support the interest in alternative fuel development. These include 
technical aims as effective alternative fuels can help achieve engine technology research goals 
including emissions reductions, efficiency improvement, and fuel cost savings. These objectives 
are in response to the growing global pressure on fuel resources as countries expand 
transportation networks and develop city infrastructure, increasing their power demands, to stay 
competitive in the increasingly globalized economy. A multitude of domestic and international 
research efforts seek to address the energy dilemma with programs promoting demand reduction, 
efficiency enhancement, and renewable energy sources.  
In addition to the demand driver, there is also growing awareness of the environmental need to 
promote sustainable technologies that mitigate harmful environmental effects or even improve 
ecological conditions. While some may disagree on the effect GHG emissions, including carbon 
dioxide (CO2) and methane (CH4), have on the current climate trends and their implications on 
the stability of future global ecosystems, most agree on the harmful health effects of emissions. 
Urban and industrial pollution from the explosive growth in dense cities and developing 
economies poses real threats to human health. Additionally, pollution can often easily travel 
from its source, thereby damaging surrounding regions when nearby industrialized zones are not 
regulated.  
Energy supply volatility provides a final driver for alternative fuels. As witnessed in recent world 
events, energy is at the heart of many regional and international conflicts [8]. The United States 
DoD has strong motivation to increase its self-reliance with regard to energy supply, limiting its 
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dependence on fuel sourced from unstable geopolitical areas. Securing energy for their people is 
a chief concern for most countries. When energy reserves are depleted, supply networks are 
damaged, or foreign resources are blocked, countries face serious challenges in ensuring a 
reasonable standard of living for their people. Without sufficient energy to power industry, 
economies falter and citizens suffer as a result.  
With increasing fuel costs, environmental health hazards, and fuel supply instability for 
conventional petroleum-based fuels, there are economic and political drivers pushing alternative 
fuel development. As a primary global energy consumer, the United States plays a pivotal role in 
developing policies regarding energy use and advancing technologies for alternative solutions. 
One component of the energy demand solution is alternative fuels. Alternative signifies fuels 
derived from non-conventional sources; thus this definition can include traditional fossil fuels 
from non-conventional supplies such as natural gas from shale deposits and oil from tar sands. 
Renewable alternative fuel differs in that it derives from renewable feedstocks (e.g. algae, sugar 
cane, and jatropha). To encourage renewable fuel development, the United States created the 
Renewable Fuel Standard (RFS) under the 2007 Energy Independence and Security Act (EISA) 
[9]. The government mandated a consumption level of 36 billion gallons of renewable fuel by 
2022, with specific limits on the type of biofuel such as conventional renewable fuels (e.g. corn 
ethanol), cellulosic biofuel, advanced biofuel, and biodiesel. Instead of the supply side, volume 
mandate created in the United States, other countries such as Sweden have established consumer 
side, monetary incentives to encourage renewable fuel use. These incentives include tax 
exemptions for biofuel, reducing prices for consumers and purchase bonus, tax reductions, and 
additional discounts for purchasers of flex-fuel vehicles such as exemption from congestion 
charges in large cities, free parking, and a 20% lower usage tax for company cars [10]. 
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Combining concerns for environmental responsibility and energy security, recent mandates, both 
domestically and internationally, highlight the pressure to develop renewable fuels. Utilizing 
alternative fuels can help achieve GHG emissions reductions as alternative fuels, as defined by 
United States law, must have a smaller GHG footprint than petroleum based fuels [9]. Ideally, 
these fuels would serve as “drop-in” fuels, easily replacing traditional petroleum-based fuels and 
requiring minimal or no modification to the existing engine system. Identifying potential drop-in 
fuels is thus one of the primary research areas for alternative fuel development.  
When produced under appropriate conditions, these renewable alternative fuels can achieve 
GHG emission reductions when compared with fossil fuels, which have enjoyed over a century 
of global infrastructure development. Full life-cycle analyses must take into account several 
factors when establishing these reduction levels as simplified models considering only tailpipe 
emissions do not accurately capture the emissions produced at upstream levels such as tractor 
emissions when energy crops are planted and harvested. Tailpipe emissions are those resulting 
from the direct burning of the fuel such as in a spark-ignition automotive engine. Argonne 
National Laboratory first developed the Greenhouse Gases, Regulated Emissions, and Energy 
Use in Transportation Model (GREET) in 1996 [11]. This model, freely available to the public, 
allows users to evaluate full life-cycle models for the majority of available fuels. Recent updates 
include alternative renewable fuels such as algae and a Well-to-Wake aviation model, akin to the 
Well-to-Wheel models available for vehicles.  
2.2. Surrogate Fuel Modeling 
Available surrogate models differ in allocation of surrogate fuel components as shown in 
subsequent tables. These models work under the premise that when combined, better understood, 
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simpler fuels can represent new, more complex alternative fuels such as HRJ. Novel alternative 
fuels are continually emerging into the market, and these fuels lack the detailed ignition studies 
of simpler, conventional fuels. Thus, surrogate fuels are useful in creating models that can then 
predict how alternative fuels will behave under various operating conditions. 
For conventional military Jet A fuel, two surrogate model proposed by Dooley are as follows 
[12][13]. 
Table 1: Dooley Jet A surrogates 
Surrogate Components #1 Mol% #2 Mol% 
n-dodecane 0.0 40.41 
iso-octane 33.0 29.48 
n-propylbenzene 0.0 22.83 
1,3,5-trimethylbenzene 0.0 7.28 
n-decane 42.7 0.0 
toluene 24.3 0.0 
 
Early surrogate models for conventional JP-5 fuel include the following proposed by Wood [14]. 
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Table 2: Wood JP-5 surrogates 
Surrogate Component #1 Vol% #2 Vol% 
n-decane 2.5 2.5 
decalin 11.5 11.5 
n-pentylcyclohexane 11.0 0.0 
1,3-diisopropylbenzene 3.0 3.0 
tetralin 9.5 9.5 
1-phenylhexane 5.0 5.0 
n-dodecane 25.0 31.0 
n-tridecane 10.0 15.0 
n-heptylcyclohexane 11.0 0.0 
α-methylnaphthalene 1.5 1.5 
n-tetradecane 5.0 11.0 
n-pentadecane 5.0 5.0 
n-undecane 0.0 5.0 
 
For conventional JP-8 military jet fuel, the following surrogate model is proposed by Violi [15]. 
Table 3: Violi JP-8 surrogate 
Surrogate Component Vol% 
n-dodecane 73.5 
iso-octane 5.5 
toluene 10.0 
methycyclohexane 10.0 
benzene 1.0 
 
The Aachen surrogate, a simplified JP-8 surrogate model published by Honnet, is as follows 
[16]. 
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Table 4: Aachen JP-8 surrogate 
Surrogate Component Mass% 
n-decane 80.0 
1,2,4-trimethylbenzene 20.0 
 
These models demonstrate the variability in proposed surrogate models and indicate the 
difficulty in achieving a consensus as to what surrogate should be selected for focused chemical 
kinetic modeling studies. Work by Colket reviews existing surrogate work and proposes a guide 
for future surrogate fuel kinetics research [17]. These recommendations include focusing on a 
“palette” of fuels (Appendix B) for surrogate fuel development, comparing fuel performance 
with target conditions (Appendix C), and determining fuels to be used as standard benchmarks 
for testing.  
2.3. RCM Design Aspects 
First developed in the early 1900s to study fuel autoignition temperatures, the RCM setup 
originally involved flywheel-driven cranks or falling weights, providing momentum to drive the 
apparatus [18][19]. Current RCM setups typically operate with pneumatic and hydraulic systems 
with few exceptions. A sample RCM design is provided in Appendix D. Under the current 
designs, RCMs achieve compression ratios ranging from 16 to 25 with compression times around 
20ms to 80ms [20]. The combination of rapid compression time and high compression ratio 
provides an appropriate environment for combustion investigations. 
Several test methods are possible within the RCM environment including aerosol ignition and 
direct test chamber (DTC) [21]. In the DTC method, injectors mix fuel directly in the test space 
rather than in an external chamber like traditional batch mixture approaches. Thus, DTC 
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provides an efficient testing method for investigating ignition kinetics in gas-phase fuels. RCM 
measurements can provide validation of kinetic mechanism predictions for species 
concentrations and combustion characteristics such as ignition delay and apparent heat release 
rate (AHRR). As mentioned previously, RCMs provide a zero-dimensional testing environment 
for the study of combustion kinetics. This assumption relies on minimizing fluid motion within 
the test chamber so as to decouple the transport and chemical processes. Studies evaluating the 
zero-dimensional assumption assess concentration and temperature gradients in the test chamber 
[22]. Of particular concern is the possibility of a roll-up vortex: boundary layer gases quickly 
moving across the piston and mixing into hotter core gases after the compression stroke [23]. 
From the conclusions of these studies, simulations using the zero-dimensional assumption are 
valid when negative temperature coefficient (NTC) relations are not present. An inverse 
relationship between temperature and the property under study characterizes NTC behavior.  
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3. ALTERNATIVE JET FUEL 
3.1. Jet Fuel Characteristics 
In working to evaluate the available surrogate models for alternative jet fuel, an important first 
step is to examine existing standards for jet fuels, detailing required chemical and combustion 
characteristics. With this understanding of requirements for jet fuel, appropriate surrogate 
models can be more readily developed and tested. The key ASTM requirements for aviation 
turbine fuels, discussed previously, indicate maximum and minimum values for various fuel 
characteristics. These values are specified in order to meet desired performance and emissions 
targets. For example, aromatic content is limited to 25% by volume to minimize soot production 
as aromatics are precursors to soot. Other values, such as freezing point, reflect the desire to 
ensure safe operation at engine operating conditions. Specifically for aviation fuel, low 
temperatures experienced at high altitudes require that fuels used do not have a high freezing 
point as this would result in pumping issues as the fuel begins to freeze. Proposed alternative 
fuels must meet these aviation fuel requirements in order to provide viable options. Current 
conventional jet fuel characteristics can serve as a guide in the selection of surrogate 
components. Tables listing such characteristics, namely flash point, freezing point, and chemical 
composition, are shown below.  
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Table 5: Conventional jet fuel characteristics [17] 
Name Specification Description Flash 
point, °C 
Freezing 
point, °C 
Jet A-1  ASTM D1655, UK DefStan 
91-91  
Standard commercial jet 
fuel  
>38  <-47  
Jet A  ASTM D1655  U.S domestic jet fuel  >38  <-40  
JP-8  MIL-DTL-83133  U.S. military jet fuel (Jet 
A-1 + 3 additives)  
>38  <-47  
JP-5  MIL-DTL-5624  U.S. Navy high flash jet 
fuel  
>60  <-46  
 
Table 6: Jet A fuel blend composition [17] 
Component Vol% 
paraffins (n- + i-)  55.2  
monocycloparaffins  17.2  
dicycloparaffins  7.8  
tricycloparaffins  0.6  
alkyl benzenes  12.7  
indans+tetralins  4.9  
naphthalene  <0.2  
substituted naphthalenes  1.3  
 
The Jet A blend of  
Table 6 is an equal volume mixture of five domestic Jet A fuel supplies. It is important to note 
the relative proportions of components, as these impact fuel ignition characteristics such as 
ignition delay and engine operating performance in different temperature regimes.  
3.2. Renewable Fuel Development 
As discussed previously, there are several prominent drivers at work pushing for improved 
renewable fuel options. First generation renewable fuels, such as corn ethanol, were primarily 
derived from food crops such as maize, beet, and sugar cane. These have come under attack as 
critics argue that such fuels compete with global food supply, threatening to aggravate food 
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shortages in countries dependent on cheap staples grown in more agriculturally advanced and 
productive countries. Second generation biofuels utilize cellulosic biomass such as wood pulp, 
corn stover, and agricultural residues and non-food energy crops such as miscanthus. These 
feedstocks do not compete with the food supply but the fermentation process is more energy 
intensive as their sugars are not as easily fermentable as first generation fuels, thus requiring 
more energy for pre-treatment and processing steps. Third generation biofuels focus primarily on 
biomass crops or algae grown on marginal, idle, abandoned, or degraded (MIDA) land unsuitable 
for agriculture  and combined with water treatment to minimize the strain on water and land 
resources [24].  
There are several alternative jet fuels currently under development, which are typically 
categorized as synthetic or renewable. The Fischer-Tropsch (F-T) process is the most common 
for producing synthetic fuels, sourced from conventional fossil feedstocks such as coal and 
natural gas, also referred to as coal-to-liquid (CTL) or gas-to-liquid (GTL) fuels, respectively 
[25]. Additionally, F-T fuels can utilize biomass feedstock, named biomass-to-liquid (BTL) and 
coal-and-biomass-to-liquid (CBTL), creating a slight discrepancy in the common alternative fuel 
naming structure. Table 7 compares the previous Jet A blend composition with that of F-T and 
CTL jet fuels. Due to the high amount of paraffinic and low amount or even lack of aromatic and 
olefin molecules in F-T jet fuels, they are also referred to as synthetic paraffinic kerosene (SPK). 
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Table 7: Jet fuel composition [17] 
Component Jet A blend F-T Jet A-1 CTL Jet A-1 
paraffins (n- + i-)  55.2  99.7  0.6  
monocycloparaffins  17.2  <0.2  46.4  
dicycloparaffins  7.8  0.3  47.0  
tricycloparaffins  0.6  <0.2  4.6  
alkyl benzenes  12.7  <0.2  0.3  
indans+tetralins  4.9  <0.2  1.1  
naphthalene  <0.2  <0.2  <0.2  
substituted naphthalenes  1.3  <0.2  <0.2  
 
In 2011, HRJ obtained ASTM International approval for up to 50% blend for commercial 
aviation use [26]. These fuels contain high paraffinic compounds and low aromatic structures as 
compared to Jet A. Studies have shown that as a result from their greater paraffinic and lower 
aromatic content, HRJ fuels exhibit enhanced ignition compared to traditional military jet fuel as 
evident in higher reported cetane numbers for HRJ fuels [27]. 
In the aviation sector, several companies have pushed through biofuels to market, including 
Solena Fuels and Fulcrum BioEnergy. These companies focus on providing drop-in fuel blends 
for commercial aviation with demonstrated success in flights completed by United Airlines and 
Alaska Airlines in 2011. Since then, over ten commercial airlines have completed flights with 
HRJ fuel, and 23 airlines as part of the Sustainable Aviation Fuel Users Group are committed to 
using renewable fuels in their fleets [4]. With fuel prices continuing to rise, airlines are taking a 
closer look at investing into alternative fuels that hold the promise of being cost competitive with 
traditional jet fuel and even cheaper in the future as non-renewable sources become increasingly 
limited. Fuel currently accounts for about 31% of operating costs for commercial airlines, 
translating to $214 billion for fuel in 2013 [28]. This is dramatic growth from only 7 years prior, 
when fuel costs accounted for only 14% at a total cost of $44 billion. In response to fuel cost 
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pressures, aviation biofuel demonstration plants continue to come online as technologies 
advance. As discussed previously, the ASTM standard for renewable fuels helps push forward 
this development, clarifying requirements for suppliers and ensuring safety and quality for 
airlines.  
3.3. Kinetic Mechanism Usage 
This work examines two published hydrocarbon kinetic mechanisms: the Ranzi mechanism from 
the CRECK modeling group at Politecnico di Milano and the Aachen mechanism from the 
Institut für Technische Verbrennung at Aachen University. The CRECK group has several 
mechanisms currently available, organized hierarchically starting with the simple H2/CO 
mechanism with 14 species and 37 reactions up to the detailed mechanism for hydrocarbon and 
oxygenated fuels with 460 species and 16,039 reactions. Simulations in this work utilized the 
primary reference fuels (PRF), polycyclic aromatic hydrocarbons (PAH), and real fuels 
mechanism for high and low temperatures with 328 species and 9570 reactions [29]. The Aachen 
mechanism used contains 118 species and 527 reactions [16].  
Most published mechanism files are available for CHEMKIN®, .ck format, whereas CANTERA 
utilizes .cti files. Specific directions for utilizing CANTERA’s input file conversion utility, 
ck2cti, are included in Appendix E. When the input files are correctly formatted, the conversion 
process is quick, even for large mechanisms with thousands of reactions and hundreds of species. 
If the conversion takes longer than a minute, there is likely some problem with the input file 
format. Mechanisms often have a multitude of formatting issues as published mechanisms are 
not held to the highest standards with regard to formatting consistency. Thus, the conversion 
process can become tedious, with the user manually resolving errors thrown during the 
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conversion. Fortunately, these errors often appear quickly and do not require the user to wait 
several hours before failing. To help resolve errors, the user can utilize the CANTERA user 
group available at http://code.google.com/p/cantera/, where one can search for similar errors or 
post a new error to the group. Even simple capitalization errors can throw off input file 
conversions, for example requiring THERMO instead of thermo in the input file. As 
CHEMKIN® files are the standard, importing required input files to create a new chemistry set 
within the various available versions of CHEMKIN® is a fairly straightforward process, with 
detailed instructions provided in various CHEMKIN® user manuals. 
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4. RCM SIMULATION 
4.1. Simulation Packages 
CANTERA, developed in 2002 by Professor David G. Goodwin at the California Institute of 
Technology, provides an adaptable package for developing simulations of reacting flows. It is 
available in Python, C++, MATLAB®, and FORTRAN 90 programming environments. This 
open-source, object-oriented software package provides tools for solving chemical kinetics, 
thermodynamics, and transport problems with applications in fuel cell, plasma, electrochemical 
energy conversion, and combustion among others. Users are able to construct time-dependent 
reactor networks following a general reactor model that includes various sub-models with 
specific conditions including constant pressure reactors and ideal gas reactors. The object class 
definitions include phases of matter, phase interfaces, reaction managers, and steady one-
dimensional reacting flows. With CANTERA, users can simulate the kinetics of large reaction 
mechanisms, compute equilibrium solutions, evaluate thermodynamic and transport mixture 
properties, evaluate species production rates, create reaction path diagrams, and simulate non-
ideal multispecies phases. 
In addition to CANTERA, CHEMKIN-PRO®, a commercially available chemical kinetics 
program produced by Reaction Design, was used to evaluate the jet fuel surrogate models. To 
model the RCM environment, the Closed Homogeneous Reactor is used from the CHEMKIN-
PRO® database. Simulations constrain reactor volume by importing the effective volume profile 
versus time outputted from the CANTERA simulation. 
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4.2. CANTERA Installation 
The following work employs the Python programming environment for CANTERA Version 
2.1.1, run in Ubuntu 12.04 LTS (long-term support) operating system. Additional installed 
libraries required for use in Ubuntu include: 
 BLAS – Basic Linear Algebra Subprograms 
 LAPACK – Linear Algebra Package 
 Python 2.7 NumPy – Numerical Python extension 
 Sundials – required for sensitivity analyses and recommended for one-dimensional and 
reactor network capabilities 
 MATLAB® toolbox – reported to interact badly when BLAS and LAPACK are also used 
Installation of CANTERA on any Linux operating system (e.g. Debian, Ubuntu, Fedora, and 
Arch Linux) requires a more involved process than that encountered in the Windows® 
installation version. Previous experience in accessing, downloading, and installing libraries, 
packages, and other applications is recommended before attempting to proceed with the 
CANTERA installation. Installations of commonly available applications can be done through 
the Ubuntu Software Center. However, CANTERA installation requires the user to work through 
the command-line terminal.  
Using the latest releases of some applications can create some compatibility issues among the 
various dependent packages, so it is necessary to check these version discrepancies before 
proceeding. Detailed installation instructions are available online at the CANTERA developer 
site for both Linux and Windows® operating systems. The developer site is a useful source, 
providing introductions to general setup cases and thorough documentation for the available 
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features. In addition to the developer site, the CANTERA user google group, available at 
http://code.google.com/p/cantera/, gives users instant access to the latest package downloads, 
CANTERA source code, current issues noted by users, and the ability to post questions to the 
broader CANTERA community. As is the case with open-source software, it is often difficult for 
those not actively involved in software development to identify the source of errors encountered. 
By posting to the user group, users can get feedback and quickly resolve the issue or help 
improve the software by identifying a new bug to be addressed in a subsequent update.  
4.3. RCM Modeling 
The RCM environment can be simplified as a single reactor with a moving wall. CANTERA, an 
object-oriented chemical solver software, is suitable for simulating this zero-dimensional RCM 
system. Working from the reactor1.py CANTERA example, modifications are made to set the 
wall velocity so that it accurately captures the volume profile of the moving piston over the 
compression process. A key feature of RCM systems is the need to account for heat losses 
occurring during and following compression in the test chamber. As detailed in work by Mittal, 
specifying an effective volume profile accounts for these heat losses [7]. To allow the adiabatic 
core assumption, one must address the roll-up vortex created at the chamber edges during 
compression. A creviced piston destroys this vortex, and thus allows calculation of an effective 
volume profile based on the observed reduced cylinder pressure as compared to an adiabatic 
compression process. A brief discussion of relevant equations is given below; for a more 
comprehensive explanation, the reader is advised to consult the work of Allen [21]. Given an 
initial volume, V0; pressure, P0; and compressed pressure, Pc, the profile for effective volume, 
Veff, is given by: 
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The specific heat ratio, γ, depends on the compressed temperature, Tc, which is calculated given 
an initial temperature, T0, by: 
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After compression, the volume is held constant as the piston is stopped, and effective volume is 
an adiabatic expansion process, with the expansion volume, Vexp, changing in time, given by: 
    ( )  (
 ( )
 ( )
)
 
 
 
A polynomial, Vp, is fitted to experimental data and is used with the known effective volume at 
TDC, t = 0, to determine the effective volume after compression given by: 
    ( )      ( )    ( ) 
A Python script for calculating the effective volume profile is included in Appendix D. The 
calculated polynomial fit for the effective volume can then be used to calculate the piston wall 
velocity parameter, setVelocity(), in CANTERA. To correctly calculate the piston velocity, the 
polynomial coefficients outputted from the python script must be reversed when read into the 
CANTERA RCM simulation as CANTERA interprets a polynomial coefficient array opposite to 
that which is standard for Python.  
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Figure 1: Effective volume profile from CANTERA simulation 
 
The effective volume profile shown in Figure 1 agrees with expected profiles from available 
pressure data from previous RCM experiments [21]. Cases are run at an initial temperature T0 = 
400K to match settings for previously obtained experimental data for Pc = 5, 10, and 20 bar and 
Φ = 0.25, 0.50, 0.75, and 1.0 for a total of 12 operating conditions. These operating conditions 
are evaluated using the simulation setup described previously for both Ranzi and Aachen 
mechanisms. These two kinetic mechanisms are run with a surrogate jet fuel model containing 
90/10 and 75/25 percent volume mixtures of n-decane and 1,2,4-trimethylbenzene, whose 
structures are given in Figure 2 and Figure 3, respectively. 
 
Figure 2: n-decane 
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Figure 3: 1,2,4-trimethylbenzene 
 
The straight chain n-decane molecule is a normal paraffin hydrocarbon while 1,2,4-
trimethylbenzene, composed of three methyl groups attached to a benzene ring, is an aromatic 
hydrocarbon. Simulation results are then compared with previously obtained experimental data 
for JP-5 RCM tests run at the same initial environment conditions as the simulations. By 
examining several prescribed conditions, the simulations identify which mechanisms fall in good 
agreement with experimental results at different conditions.    
4.4. Simulation Results 
Originally, CANTERA simulations were used for the lowest compressed pressure case, Pc = 1 
bar, but the simulations encountered solution convergence issues at higher pressures. As a result, 
it was decided to run all cases solely through CHEMKIN-PRO® following the setup described 
previously. 
Simulation cases are labeled in the upper left corner of each graph and follow the naming scheme 
given below. 
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Table 8: Case labeling description 
 Aachen Mechanism Ranzi Mechanism 
75/25 blend a b 
90/10 blend c d 
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Figure 4: Pressure trace for Pc = 5 bar 
 
Figure 4 indicates successful ignition for the Aachen mechanism for both 75/25 and 90/10 fuel 
blends at Φ = 0.75 and Φ = 1.0. For Φ = 0.50 or below, ignition is not observed for the Aachen 
mechanism for both 75/25 and 90/10 fuel blends. Figure 4 also shows successful ignition for the 
Ranzi mechanism for only the 90/10 fuel blend at Φ = 0.50. The Ranzi mechanism does not 
predict ignition for the 75/25 fuel blend across all equivalence ratios tests within the run time. 
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However, chart b of Figure 4 indicates a pressure rise towards the end of the run time similar to 
that observed in chart d, suggesting that ignition is likely to occur past t = 0.1 s for Φ = 0.50. For 
the 90/10 fuel blend, ignition is not observed for Φ = 0.25, 0.75, or 1.0. Thus, while the Aachen 
mechanism predicts ignition for Φ greater than 0.75 for both fuel blends, the more detailed Ranzi 
mechanism only predicts ignition for Φ = 0.50 at the 90/10 blend within the run time tested. 
-0.05 0.00 0.05 0.10
0
10
20
30
40
50
-0.05 0.00 0.05 0.10
0
10
20
30
40
50
-0.05 0.00 0.05 0.10
0
10
20
30
40
50
-0.05 0.00 0.05 0.10
0
10
20
30
40
50
P
re
s
s
u
re
 (
b
a
r)
Time (s)




a
P
re
s
s
u
re
 (
b
a
r)
Time (s)




b
P
re
s
s
u
re
 (
b
a
r)
Time (s)




c
P
re
s
s
u
re
 (
b
a
r)
Time (s)




d
 
Figure 5: Pressure trace for Pc = 10 bar 
 
Figure 5 shows successful ignition for the Aachen mechanism for both 75/25 and 90/10 fuel 
blends at Φ = 0.75 and Φ = 1.0, with both ignition times decreasing from the previous case with 
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Pc = 5 bar. With the increase in compressed pressure from 5 bar to 10 bar, the ignition time for Φ 
= 0.75 decreased more than for Φ = 1.0 as the ignition time for Φ = 0.75 now matches that for Φ 
= 1.0 whereas previously ignition for Φ = 0.75 lagged ignition for Φ = 1.0. For Φ = 0.50 or 
below, ignition is not observed for the Aachen mechanism for both 75/25 and 90/10 fuel blends 
as before. Figure 5 also indicates successful ignition for the Ranzi mechanism for the 90/10 fuel 
blend at Φ = 0.50. Unlike the previous case in Figure 4, the Ranzi mechanism now predicts 
ignition for the 75/25 fuel blend at Φ = 0.50 and 0.75. For the 90/10 fuel blend, ignition is not 
observed for Φ = 0.25, 0.75, or 1.0. The Ranzi mechanism has a gradual pressure rise for Φ = 
0.25 for the 90/10 blend and the indications of a similar but later rise for the 75/25 blend. Thus, 
while the Aachen mechanism predicts ignition for Φ greater than 0.75 for both fuel blends, the 
more detailed Ranzi mechanism only predicts ignition for Φ = 0.50 and 0.75 for the 75/25 fuel 
blend and Φ = 0.50 at the 90/10 blend within the run time tested.  
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Figure 6: Pressure trace for Pc = 20 bar 
 
Similarly to the previous case for Pc = 10 bar, Figure 6 shows successful ignition for the Aachen 
mechanism for both 75/25 and 90/10 fuel blends at Φ = 0.75 and Φ = 1.0, with both ignition 
times decreasing from the previous case with Pc = 10 bar. As before, with the increase in 
compressed pressure from 10 bar to 20 bar, the ignition time for Φ = 0.75 decreased more than 
for Φ = 1.0 as the ignition time for Φ = 0.75 is now earlier than that for Φ = 1.0 whereas 
previously ignition for Φ = 0.75 matched ignition for Φ = 1.0. For Φ = 0.50 or below, ignition is 
not observed for the Aachen mechanism for both 75/25 and 90/10 fuel blends as before. Unlike 
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the previous case, the Ranzi mechanism now predicts ignition for both the 75/25 blend and 90/10 
blend at Φ = 0.50 and 0.75. Figure 6 also indicates gradual ignition for the Ranzi mechanism for 
both the 75/25 blend and 90/10 blend at Φ = 0.25. For Φ = 1.0, ignition is not observed for either 
fuel blend for the Ranzi mechanism. Thus, while the Aachen mechanism predicts ignition for Φ 
greater than 0.75 for both fuel blends, the more detailed Ranzi mechanism only predicts ignition 
for Φ = 0.50 and 0.75 for the two fuel blends. 
 
Figure 7: Pressure trace for experimental results for JP-5 compared with simulation results for n-
decane and 1,2,4-trimethylbenzene blends 
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As shown in Figure 7, the Aachen mechanism does an accurate job of predicting the ignition for 
the stoichiometric mixture for Pc = 20 bar for both fuel blends. However, the Aachen mechanism 
does not predict ignition for Φ = 0.25 or 0.50 for both fuel blends whereas the experimental 
results do indicate ignition occurring. For both fuel blends, the Ranzi mechanism fails to predict 
ignition for the stoichiometric mixture, but accurately captures the gradual pressure rise for Φ = 
0.25, although the ignition is delayed compared to experimental results. Similarly to Φ = 0.25, 
the Ranzi mechanism accurately captures ignition and pressure rise occurring for Φ = 0.50 for 
both fuel blends, but again the ignition is delayed compared to experimental results. 
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Figure 8: Pressure trace for Φ = 0.25 
 
Figure 8 indicates than neither the Aachen mechanism nor the Ranzi mechanism predicts a rapid 
ignition for either 75/25 or 90/10 fuel blends across all compressed pressures. The Aachen 
mechanism has a flat pressure trace across all compressed pressures. The Ranzi mechanism has a 
gradual pressure rise for Pc = 20 bar for the 75/25 fuel blend and for Pc = 10 and 20 bar for the 
90/10 blend. Charts b and d of Figure 8 suggest that for the Ranzi mechanism, as the ratio of n-
decane to 1,2,4-trimethylbenzene increases, the observed pressure rise occurs earlier.  
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Figure 9: Pressure trace for Φ = 0.50 
 
In Figure 9, the Aachen mechanism does not predict ignition for either 75/25 or 90/10 fuel 
blends across all compressed pressures as shown by a flat pressure trace across all compressed 
pressures. The Ranzi mechanism has a distinct pressure rise for Pc = 10 and 20 bar for both the 
75/25 fuel blend and the 90/10 blend. For, Pc = 5 bar, the Ranzi mechanism only predicts 
ignition within the run time for the 90/10 blend. However, the slight pressure rise late in the 
simulation shown in chart b of Figure 9 suggests that ignition may occur past t = 0.1s for the 
75/25 blend as well with the Ranzi mechanism at Pc = 5 bar. Similarly to charts b and d of Figure 
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8 for Φ = 0.25, charts b and d of Figure 9 also suggest that for the Ranzi mechanism, as the ratio 
of n-decane to 1,2,4-trimethylbenzene increases, the observed pressure rise occurs earlier. 
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Figure 10: Pressure trace for Φ = 0.75 
 
Unlike the previous two cases for Φ = 0.25 and 0.50, the Aachen mechanism now predicts 
distinct two-stage ignition for both the 75/25 or 90/10 fuel blends across all compressed 
pressures as shown in Figure 10. The two-stage ignition is more pronounced as compressed 
pressure increases. The Ranzi mechanism has a clear ignition for Pc = 10 and 20 bar for the 
75/25 fuel blend and for Pc = 20 for the 90/10 blend. Unlike the previous case, charts b and d of 
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Figure 10 do not suggest that for the Ranzi mechanism, as the ratio of n-decane to 1,2,4-
trimethylbenzene increases, the observed pressure rise occurs earlier since at Pc = 10 bar there is 
no observed ignition for the 90/10 blend whereas there is ignition for the 75/25 blend. For, Pc = 5 
bar, the Ranzi mechanism does not predict ignition within the run time for either the 90/10 blend 
or the 75/25 blend. 
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Figure 11: Pressure trace for Φ = 1.0 
  
Like the previous case for Φ = 0.75, the Aachen mechanism predicts distinct two-stage ignition 
for both the 75/25 or 90/10 fuel blends across all compressed pressures as shown in Figure 11. 
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The two-stage ignition is more pronounced as compressed pressure increases. As the equivalence 
ratio increased from Φ = 0.75 to Φ = 1.0, the observed pressure rise is greater for the Aachen 
mechanism for Pc = 20 bar and the main ignition occurs earlier for Pc = 5 bar. Also as the 
mixture becomes richer, the first stage ignition occurs later for both fuel blends across all 
compressed pressures. The Ranzi mechanism does not predict ignition within the run time for 
either the 90/10 blend or the 75/25 blend across all compressed pressures for the stoichiometric 
mixture, a feature that does not agree with expected results that as a mixture becomes richer, 
ignition is more likely to occur. 
 35 
 
-0.05 0.00 0.05 0.10
0
20
40
60
80
100
-0.05 0.00 0.05 0.10
0
20
40
60
80
100
-0.05 0.00 0.05 0.10
0
20
40
60
80
100
-0.05 0.00 0.05 0.10
0
20
40
60
80
100
 Exp. P
c
 = 5 bar
 Sim. P
c
 = 5 bar
 Exp. P
c
 = 10 bar
 Sim. P
c
 = 10 bar
 Exp. P
c
 = 20bar
 Sim. P
c
 = 20 bar
P
re
s
s
u
re
 (
b
a
r)
Time (s)
a
 Exp. P
c
 = 5 bar
 Sim. P
c
 = 5 bar
 Exp. P
c
 = 10 bar
 Sim. P
c
 = 10 bar
 Exp. P
c
 = 20bar
 Sim. P
c
 = 20 bar
P
re
s
s
u
re
 (
b
a
r)
Time (s)
b
 Exp. P
c
 = 5 bar
 Sim. P
c
 = 5 bar
 Exp. P
c
 = 10 bar
 Sim. P
c
 = 10 bar
 Exp. P
c
 = 20bar
 Sim. P
c
 = 20 bar
P
re
s
s
u
re
 (
b
a
r)
Time (s)
c
 Exp. P
c
 = 5 bar
 Sim. P
c
 = 5 bar
 Exp. P
c
 = 10 bar
 Sim. P
c
 = 10 bar
 Exp. P
c
 = 20bar
 Sim. P
c
 = 20 bar
P
re
s
s
u
re
 (
b
a
r)
Time (s)
d
 
Figure 12: Pressure trace for experimental results for JP-5 compared with simulation results for 
n-decane and 1,2,4-trimethylbenzene blends 
 
As shown in Figure 12, the Aachen mechanism does an accurate job of predicting the ignition for 
the stoichiometric mixture for all compressed pressures for both fuel blends with the exception of 
Pc = 5 bar. In this case, the Aachen mechanism predicts ignition whereas the experimental results 
do not indicate ignition occurring. The Aachen mechanism ignition slightly lags the experimental 
ignition for Pc = 20 bar and slightly precedes the experimental ignition for Pc = 10 bar. The 
Ranzi mechanism fails to predict ignition for the higher compressed pressures, but accurately 
captures the lack of ignition for Pc = 5 bar. 
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Several methods are available to define the ignition delay time both computationally and 
experimentally. One definition is the time at which a specified temperature increase occurs, such 
as TID = 400K + T0, or 400K above the initial temperature. Ignition delay is also defined as the 
time at which the onset or maximum concentration of a particular species occurs. Another 
definition is setting the ignition delay to be when there is a maximum temperature or pressure 
rate increase or maximum heat release as indicated by an inflection point in the temperature 
profile. Finally, some define ignition delay as when the heat release rate (HRR) becomes 
positive. Within CHEMKIN-PRO®, the user is able to select the definition for ignition delay to 
be used by the simulation from several available pre-defined methods, such as maximum heat 
release, or can even define a specific condition within the Ignition Criterion User Routine. 
Depending on the definition chosen, calculated ignition delay times can vary. For the purpose of 
this work, the main focus lies in the general trends in ignition delay using the observed ignition 
results from the pressure traces presented. 
A summary of observed ignition for all cases is given below with the following designations 
indicating which mechanisms exhibited ignition within the run time: A (Aachen), R (Ranzi), X 
(neither). The upper portion of each cell indicates the 75/25 blend and the lower portion 
indications the 90/10 blend. 
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Table 9: Ignition summary table 
Φ Pc [bar] 
5 10 20 
0.25 X 
 
X 
X 
 
R 
R 
 
R 
0.50 X 
 
R 
R 
 
R 
R 
 
R 
0.75 A 
 
A 
A R 
 
A 
A R 
 
A R 
1.0 A 
 
A 
A 
 
A 
A 
 
A 
 
As shown in Table 9, neither mechanism shows ignition at the lowest compressed pressure and 
leanest operating conditions. As pressure increases at Φ = 0.25, the Ranzi mechanism does 
indicate ignition, initially for the 90/10 blend at Pc = 10 bar and then for both blends at Pc = 20 
bar. As the mixture becomes richer, the Ranzi mechanism does show ignition for the 90/10 blend 
across all compressed pressures and for the 75/25 blend at Pc = 10 bar and 20 bar. Thus, for Φ = 
0.25 and 0.50, the Ranzi mechanism shows that as the fuel blend composition changes from 75% 
to 90% by volume of n-decane, ignition is predicted at lower compressed pressures. At Φ = 0.75, 
the Aachen mechanism has ignition at all compressed pressures for both blends, whereas the 
Ranzi mechanism only has ignition for the 75/25 blend at Pc = 10 bar and 20 bar and for the 
90/10 blend only at Pc = 20 bar. This is interesting as it goes against the previous trends for the 
leaner mixtures for the Ranzi mechanism. For the stoichiometric mixture, the Aachen mechanism 
indicates ignition across all compressed pressures for both blends, whereas the Ranzi mechanism 
does not have ignition for any blend at all pressure levels.   
 38 
 
5. CONCLUSIONS 
5.1. Jet Fuel Modeling 
Through the use of current combustion system modeling techniques, simulations are developed 
to test various cases for an RCM system. In these cases, initial temperature, effective volume 
profile, and reactive species are entered as inputs into the chemical kinetics solver software. 
Parameter studies are created to vary parameters including equivalence ratio and initial pressure. 
The results are then analyzed to identify trends as the parameters change and to distinguish the 
two kinetic mechanisms studies. To evaluate the predictive capabilities of the kinetic 
mechanisms used, pressure traces from the simulation are examined for trends as operating 
conditions are varied. The pressure trace provides an overall insight into the compression and 
combustion processes occurring in the RCM. Simulation results are then compared with 
previously obtained experimental data for JP-5 RCM tests run at the same initial environment 
conditions as the simulations. Cases demonstrating good agreement can validate the mechanism 
used in that region. For a more detailed discussion of case results, please refer to Section 4.4. 
From the results discussed in the preceding section, it can be concluded that the Aachen 
mechanism is more appropriate for stoichiometric mixture predictions at higher compressed 
pressures, while the Ranzi mechanism is accurate in capturing lean mixture ignition features but 
does not match observed ignition times. 
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5.2. Future Work 
Results of this work indicate the predictive capabilities of simulation tools for experimental 
combustion system modeling. Experimental approaches, such as RCMs, must provide efficient 
and viable predictions of novel surrogate fuel models. To reduce fuel testing costs, accurate 
simulation methods provide a quick look into which fuels and conditions are of interest for future 
testing. Future work will seek to more closely examine early, first-stage ignition trends for 
various surrogate models. For example, simulations will study the effect of low temperature and 
lean combustion conditions on first stage ignition. A better understanding of how first-stage 
ignition impacts the rest of the combustion process can help explain relevant reactive chemistry 
for potential alternative fuels. The goal is to better understand which chemical features are 
desirable for specified operating targets, helping to efficiently select ideal alternative fuel blends.  
Future work can also evaluate differences among an expanded set of mechanisms. One task is to 
identify differences that result in the variation among simulation results for the same operating 
conditions. Comparisons between comprehensive mechanisms such as the Sarathy model 
containing around 7,200 species and 31,400 reactions for C8 through C16 n-alkanes can be 
contrasted with simpler mechanisms such as the Aachen mechanism evaluated in this work [30]. 
These pursuits will provide valuable insight for developing a better understood relationship 
between fuel properties and ignition behavior, allowing for a more accessible way to predict fuel 
characteristics by analyzing ignition results. 
  
 40 
 
REFERENCES  
[1] G. Mittal and C. Sung, "Aerodynamics inside a rapid compression machine," Combust. Flame, vol. 145, pp. 160-
180, 4, 2006.  
[2] G. J. Lengyel, "Department of Defense energy strategy: teaching an old dog new tricks," vol. 10, pp. 69, 2008.  
[3] Fiscal Year 2012 Operational Energy Annual Report. United States Department of Defense. September 2013.  
[4] United States Aviation Greenhouse Gas Emissions Reduction Plan. June 2012.  
[5] S. R. Turns, An Introduction to Combustion : Concepts and Applications /. New York : McGraw-Hill, c2012.  
[6] ASTM Standard D1655, 2013a, "Specification for Aviation Turbine Fuels," ASTM International, West 
Conshohocken, PA, 2013, DOI: 10.1520/D1655, www.astm.org.  
[7] G. Mittal, M. P. Raju and C. Sung, "Vortex formation in a rapid compression machine: Influence of physical and 
operating parameters," Fuel, vol. 94, pp. 409-417, 4, 2012.  
[8] C. Singer, Energy and International War: From Babylon to Baghdad and Beyond. Singapore ; Hackensack, N.J.: 
World Scientific, 2008.  
[9] Energy Independence and Security Act of 2007, Public Law No. 110-140, US Statutes at Large, vol. 121, 2007, 
p. 1492.  
[10] A. B. Lovins and J. Bannon, Winning the Oil Endgame: Innovation for Profits, Jobs and Security. Snowmass, 
CO: Rocky Mountain Institute, 2005.  
[11] "GREET life-cycle model: User guide," Argonne National Laboratory, 2013.  
[12] S. Dooley, S. H. Won, M. Chaos, J. Heyne, Y. Ju, F. L. Dryer, K. Kumar, C. Sung, H. Wang, M. A. 
Oehlschlaeger, R. J. Santoro and T. A. Litzinger, "A jet fuel surrogate formulated by real fuel properties," Combust. 
Flame, vol. 157, pp. 2333-2339, 12, 2010.  
[13] S. Dooley, S. H. Won, J. Heyne, T. I. Farouk, Y. Ju, F. L. Dryer, K. Kumar, X. Hui, C. Sung, H. Wang, M. A. 
Oehlschlaeger, V. Iyer, S. Iyer, T. A. Litzinger, R. J. Santoro, T. Malewicki and K. Brezinsky, "The experimental 
evaluation of a methodology for surrogate fuel formulation to emulate gas phase combustion kinetic phenomena," 
Combust. Flame, vol. 159, pp. 1444-1466, 4, 2012.  
[14] C. P. Wood, "The development and application of surrogate blends in simulating the combustion performance 
of distillate aviation fuels." 1989.  
[15] A. Violi, S. Yan, E. G. Eddings, A. F. Sarofim, S. Granata, T. Faravelli and E. Ranzi, "Experimental 
formulation and kinetic model for JP-8 surrogate mixtures," Combustion Sci. Technol., vol. 174, pp. 399-417, 11/01; 
2014/04, 2002.  
[16] S. Honnet, K. Seshadri, U. Niemann and N. Peters, "A surrogate fuel for kerosene," Proceedings of the 
Combustion Institute, vol. 32, pp. 485-492, 2009.  
 41 
 
[17] M. Colket, T. Edwards, S. Williams, N. P. Cernansky, D. L. Miller, F. Egolfopoulos, P. Lindstedt, K. Seshadri, 
F. L. Dryer, C. K. Law, D. Friend, D. B. Lehnert, H. Pitsch, A. Sarofim, M. Smooke and W. Tsang, "Development 
of an experimental database and kinetic models for surrogate jet fuels," in 2007, .  
[18] K. G. Falk, "THE IGNITION TEMPERATURES OF HYDROGEN-OXYGEN MIXTURES." J. Am. Chem. 
Soc., vol. 28, pp. 1517-1534, November 1, 1906, 1906.  
[19] W. S. Affleck and A. Thomas, "An Opposed Piston Rapid Compression Machine for Preflame Reaction 
Studies," Proceedings of the Institution of Mechanical Engineers, vol. 183, pp. 365-387, June 01, 1968.  
[20] G. Mittal, "A RAPID COMPRESSION MACHINE – DESIGN, CHARACTERIZATION, AND 
AUTOIGNITION INVESTIGATIONS," 2005.  
[21] C. Allen, "Advanced rapid compression machine test methods and surrogate fuel modeling for bio-derived jet 
and diesel fuel autoignition," ProQuest Dissertations and Theses, 2012.  
[22] J. Clarkson, J. Griffiths, J. MacNamara and B. Whitaker, "Temperature fields during the development of 
combustion in a rapid compression machine," Combust. Flame, vol. 125, pp. 1162-1175, 2001.  
[23] J. F. Griffiths, Q. Jiao, W. Kordylewski, M. Schreiber, J. Meyer and K. F. Knoche, "Experimental and 
numerical studies of ditertiary butyl peroxide combustion at high pressures in a rapid compression machine," 
Combust. Flame, vol. 93, pp. 303-315, 5, 1993.  
[24] J. M. ENDRES, "Bioenergy, Resource Scarcity, and the Rising Importance of Land use Definitions," North 
Dakota Law Review, vol. 88, pp. 559-594, 09, 2012.  
[25] X. Hui, K. Kumar, C. -. Sung, T. Edwards and D. Gardner, "Experimental studies on the combustion 
characteristics of alternative jet fuels," Fuel, vol. 98, pp. 176-182, 2012.  
[26] ASTM Standard D7566, 2013, “Standard Specification for Aviation Turbine Fuel Containing Synthesized 
Hydrocarbons,” ASTM International, West Conshohocken, PA, 2013, DOI: 10.1520/D7566, www.astm.org.  
[27] M. Crocker, Thermochemical Conversion of Biomass to Liquid Fuels and Chemicals. Royal Society of 
Chemistry, 2010.  
[28] "Fact sheet: Fuel," International Air Transport Association, 2013. Available: 
http://www.iata.org/pressroom/facts_figures/fact_sheets/Documents/fuel-fact-sheet.pdf  
[29] E. Ranzi, A. Frassoldati, R. Grana, A. Cuoci, T. Faravelli, A. P. Kelley and C. K. Law, "Hierarchical and 
comparative kinetic modeling of laminar flame speeds of hydrocarbon and oxygenated fuels," Progress in Energy 
and Combustion Science, vol. 38, pp. 468-501, 8, 2012.  
[30] S. M. Sarathy, C. K. Westbrook, M. Mehl, W. J. Pitz, C. Togbe, P. Dagaut, H. Wang, M. A. Oehlschlaeger, U. 
Niemann, K. Seshadri, P. S. Veloo, C. Ji, F. N. Egolfopoulos and T. Lu, "Comprehensive chemical kinetic modeling 
of the oxidation of 2-methylalkanes from C7 to C20," Combust. Flame, vol. 158, pp. 2338-2357, 12, 2011.  
 
  
 42 
 
APPENDIX A ASTM D1655-13A 
Detailed Requirements of Aviation Turbine Fuels
A
 
Property   Jet A or Jet A-1 ASTM Test MethodB 
COMPOSITION  
Acidity, total mg KOH/g max 0.10 D3242 
1. Aromatics, vol % max 25 D1319 
2. Aromatics, vol % max 26.5 D6379 
Sulfur, mercaptan,C mass %  max 0.003 D3227 
Sulfur, total mass % max 0.30 D1266, D2622, D4294, or D5453 
VOLATILITY 
Distillation temperature, °C:     D86, DD2887E 
 10 % recovered, temperature  max 205   
 50 % recovered, temperature    report   
 90 % recovered, temperature    report   
 Final boiling point, temperature max 300   
Distillation residue, % max 1.5   
Distillation loss, % max 1.5   
Flash point, °C min 38F D56, D93, or D3828G 
Density at 15°C, kg/m3   775 to 840 D1298 or D4052 
FLUIDITY 
Freezing point, °C max −40 Jet AH D5972, D7153, D7154, or D2386  
    −47 Jet A-1H   
Viscosity −20°C, mm2/sI max 8.0 D445 
COMBUSTION 
Net heat of combustion, MJ/kg min 42.8J D4529, D3338, or D4809 
One of the following require-  
  ments shall be met: 
      
 (1) Smoke point, mm, or min 25 D1322 
 (2) Smoke point, mm, and min 18 D1322 
     Naphthalenes, vol, % max 3.0 D1840 
CORROSION 
Copper strip, 2 h at 100°C max No. 1 D130 
THERMAL STABILITY 
(2.5 h at control temperature of 260°C min)       
 Filter pressure drop, mm Hg max 25 D3241 
     Tube deposits less than   3K   
No Peacock or Abnormal Color Deposits 
CONTAMINANTS  
Existent gum, mg/100 mL max 7 D381, IP 540 
Microseparometer,L Rating     D3948 
 Without electrical conductivity additive min 85   
 With electrical conductivity additive min 70   
ADDITIVES   See 5.2   
Electrical conductivity, pS/m   M  D2624 
 
A For compliance of test results against the requirements of Table 1, see 6.2. 
B The test methods indicated in this table are referred to in Section 10. 
C The mercaptan sulfur determination may be waived if the fuel is considered sweet by the doctor test described in Test Method D4952. 
D D86 distillation of jet fuel is run at Group 4 conditions, except Group 3 condenser temperature is used. 
E D2887 results shall be converted to estimated D86 results by application of the correlation in Appendix X5 on Correlation for Jet and Diesel Fuel in Test Method 
D2887. 
Distillation residue and loss limits provide control of the distillation process during the use of Test Method D86, and they do not apply to Test Method D2887. 
Distillation 
residue and loss shall be reported as “not applicable” (N/A) when reporting D2887 results. 
F A higher minimum flash point specification may be agreed upon between purchaser and supplier. 
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G Aviation turbine fuel results obtained by Test Method D93 may be up to 1°C higher than those obtained by Test Method D56. Results obtained by Test Method 
D3828 
may be up to 2°C lower than those obtained by Test Method D56, which is the preferred method. In case of dispute, Test Method D56 shall apply. 
H Other freezing points may be agreed upon between supplier and purchaser. 
I 1 mm2/s = 1 cSt. 
J For all grades use either Eq 1 or Table 1 in Test Method D4529 or Eq 2 in Test Method D3338. Test Method D4809 may be used as an alternative. In case of dispute, 
Test Method D4809 shall be used. 
K Tube deposit ratings shall always be reported by the Visual Method. 
L At point of manufacture. See X1.13 for guidance concerning the application of microseparometer results in fuel distribution. 
M If electrical conductivity additive is used, the conductivity shall not exceed 600 pS/m at the point of use of the fuel. When electrical conductivity additive is specified 
by 
the purchaser, the conductivity shall be 50 to 600 pS/m under the conditions at point of delivery. 
1 pS/m 5 1 310212 Ω 21 m21 
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APPENDIX B FUEL SURROGATE COMPONENTS  
 
 
 
 
 
 
 
 
Source: [17]  
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APPENDIX C JET FUEL KINETIC LIMITATIONS IN GAS TURBINE ENGINES  
 
Source: [17]  
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APPENDIX D RCM SCHEMATIC 
 
Source: [20] 
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APPENDIX E CANTERA CK2CTI 
To convert files from .ck to .cti, CANTERA includes a ck2cti converter utility, easily accessible 
from terminal. Once the user downloads the files, typically in .txt or .dat file format, the user 
must copy over the files to the appropriate directory storing project work. The user must then 
bring up the terminal and navigate to the directory containing the downloaded files. To open the 
terminal, users can use one of the following two methods. 
 Keyboard shortcut: CTRL + ALT + T 
 Search: Go to Unity Dash (for Ubuntu users) > Type in “Terminal” in search bar 
Once in terminal the user can navigate using directory commands to the appropriate directory. 
Sometimes, access is denied if the user does not have administration privileges, termed Root 
privileges in Linux. To ensure access, users can either enter sudo preceding commands or simply 
login as root at the start of a new terminal session as follows. 
user@users-desktop:~$ sudo –s 
Enter user password: XXXXXX 
root@users-desktop:~$  
Proper formatting of command-line arguments is essential as standards vary depending on the 
operating system and version number. For the installation used in this work, the following 
formatting is required to convert input files from CHEMKIN® to CANTERA.  
user@users-desktop:~$ python ck2cti --input = mechanism_input_file --
thermo = thermodynamics_input_file --trans = transport_input_file 
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Additional arguments are accepted such as --permissive, which ignores duplicate thermodynamic 
entries that would otherwise through an error. Also, depending on the application, the transport 
file is not required and the input file conversion would follow the format below. 
user@users-desktop:~$ python ck2cti --input = mechanism_input_file --
thermo = thermodynamics_input_file 
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APPENDIX F EFFECTIVE VOLUME CODE 
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